This study reports effects of a high-variability training procedure on nonnative learning of a Japanese geminate-singleton fricative contrast. Thirty native speakers of Dutch took part in a 5-day training procedure in which they identified geminate and singleton variants of the Japanese fricative /s/. Participants were trained with either many repetitions of a limited set of words recorded by a single speaker (low-variability training) or with fewer repetitions of a more variable set of words recorded by multiple speakers (high-variability training). Both types of training enhanced identification of speech but not of nonspeech materials, indicating that learning was domain specific. High-variability training led to superior performance in identification but not in discrimination tests, and supported better generalization of learning as shown by transfer from the trained fricatives to the identification of untrained stops and affricates. Variability thus helps nonnative listeners to form abstract categories rather than to enhance early acoustic analysis.
I. INTRODUCTION
Learning to perceive novel phonetic categories is one of the essential skills we need to acquire when mastering a foreign language. There is a growing body of evidence that exposure to variable nonnative speech materials results in more successful perceptual learning. For example, Logan et al. (1991) demonstrated that native speakers of Japanese who were trained to make the English /r/-/l/ distinction with materials with multiple voices and variable word forms showed better learning in an identification test than those in the study by Strange and Dittmann (1984) who were trained to discriminate the same contrast with limited variability. This effect has been replicated with different phonetic contrasts, such as the Mandarin tone contrast by native speakers of English (Wang et al., 1999) and vowel length contrasts in Japanese by native speakers of English (Hirata et al., 2007) .
One reason why variability in training materials may strengthen the process of category formation is that it may help learners develop abstract representations that can accommodate a wider range of examples (e.g., Logan et al., 1991) . Alternatively, however, experiencing variability might enhance one's sensitivity to novel types of speech signals at a pre-categorical level, which in turn could contribute to better identification. The present study compared these two hypotheses, primarily by measuring the effects of highand low-variability training on two perceptual tasks. The results of an identification task which required listeners to use categorical information (2 alternative-forced choice, 2AFC, e.g., Pisoni 1977; Bradlow et al., 1997) were compared with those of a discrimination task which can be performed without recourse to categorical information (4-interval 2-alternative forced choice, 4I2AFC, e.g., Gerrits and Schouten, 2004) . If high-variability training enhances only the formation of phonetic categories, it may lead to improved identification but not discrimination. In contrast, if high-variability training enhances pre-categorical sensitivity that then in turn supports formation of phonetic categories, there should be increases in accuracy arising from highvariability training in both tasks. Through contrasting these two hypotheses, therefore, we attempted to identify what underlies the benefit that high-variability training has on nonnative speech perception.
We also examined individual differences in learning nonnative speech sounds. Sensitivity to acoustical signals varies considerably among individuals. For example, musicians are known to be more accurate at encoding pitch and timing patterns of speech sounds at a very early stage of perception and this is reflected when they perceive different speech materials (Besson et al., 2007; Wong et al., 2007; Sadakata and Sekiyama, 2011) . Using various phonetic contrasts, however, Sadakata and Sekiyama (2011) reported that musicians who were better at discriminating vowel contrasts than nonmusicians were not necessarily better at identifying the same phonetic categories. This means that good sensitivity to acoustic features alone does not necessarily lead to good identification. Nevertheless, better discrimination ability, which provides the listener with more detailed acoustic information about the target sound, could very well be useful when he or she is learning to extract and generalize essential characteristics of a new phonetic category. In the present study, therefore, we asked not only what the source of the benefit arising from high-variability training is, but also whether there are individual differences among listeners in discrimination ability and whether those differences predict listener success in the training procedure.
We trained native speakers of Dutch to identify a nonnative durational contrast in spoken Japanese with two levels of variability, and tested the effects of this training on identification (2AFC) and discrimination (4I2AFC) accuracy. More specifically, the contrast concerned the distinction between Japanese singleton and geminate fricative consonants, such as /ss/ and /s/. Although our hypotheses could be tested using a variety of speech categories, this contrast was chosen because it is less studied in comparison, for example, to tone contrasts, and because it is based on durational rather than pitch or spectral differences. Speakers of all languages should have been trained to deal with speech timing information to some extent, simply because speech evolves over time. Nevertheless, learning of the Japanese geminate contrast has been reported to be challenging for nonnative speakers of Japanese, such as English and German speakers (Menning et al., 2002; Hardison and Saigo, 2010; Tajima et al., 2010) . It has also been shown, however, that training improves perception of this contrast to some extent (Hirata et al., 2007; Menning et al., 2002) . The question we asked, therefore, was whether larger improvements in learning about Japanese geminates would be found with higher variability training.
Gemination occurs with various consonants in Japanese: stops (e.g., /p/, /k/), affricates (e.g., /ts/), and fricatives (e.g., /s/, /f/). People who are not native speakers of Japanese find the fricative geminate /s/ followed by /u/ more difficult to distinguish from its singleton counterpart (e.g., /assu/ vs /asu/) than other geminate-singleton contrasts involving stop consonants or consonants followed by /a/ (e.g., /atta/ vs /ata/; Hardisson and Saigo, 2010) . Based on this finding, we decided to use the geminate-singleton contrast of /s/ followed by /u/ as the training material.
Among several acoustic differences between Japanese geminates and singletons (Han, 1992; Idemaru and Guion, 2008) , local timing features appear to be the most important. Primary cues include the ratio of the closure to word duration in the case of stops (Hirata and Whiton, 2005; Amano and Hirata, 2010) , and the relative duration of the preceding vowel and the critical consonant (Kingston et al., 2009) . Kingston et al. (2009) showed that identification of nonnative (Japanese) geminate stop consonants (in a 2AFC task) was modulated by the way vowel and consonant durations covary in the native language of different groups of listeners (Italian, English, and Norwegian). Importantly, however, Kingston et al. observed no differences as a function of native language when their participants identified nonspeech analogs of the geminate stimuli and when participants performed discrimination tasks (2I2AFC) on speech and on nonspeech materials. These findings support the view that identification and discrimination tasks can tap into different stages in perception (cf. Gerrits and Schouten, 2004; Sjerps et al., 2013) , and suggest that linguistic knowledge is applied only at a later stage in perception than that tapped into by discrimination tasks.
Knowledge about duration covariance acquired in the long-term (through native-language exposure) thus appears not to influence perception of nonspeech stimuli. The question that then arises is whether short-term geminate training influences perception of nonspeech analogs of geminates. In the present study we therefore used speech materials and nonspeech analogs of those materials in the identification and discrimination tasks. If training influences low-level domain-general auditory processes (i.e., those responsible for the processing of relative duration information that is not specific to speech), then there should be effects of training on both speech and nonspeech test materials, with potentially also a difference between the high-and low-variability training conditions. If, however, training has an effect at a higher, domain-specific level of processing, there should be no transfer of training effects to nonspeech materials.
To summarize, we studied the effect of variability during perceptual training on identification and discrimination of speech and nonspeech materials. The effects of two types of Japanese geminate training material were compared across two participant groups. One group received a lowvariability training set which included more repetitions of a limited number of words recorded by a single speaker. The other group received a high-variability training set which included fewer repetitions of a more variable set of words recorded by multiple speakers. The effect of these two training methods was evaluated by measuring improvements in identification accuracy (on both trained and new natural speech materials), in discrimination accuracy on stimuli from synthesized continua (based on speech and on nonspeech analogs), and by testing for changes in the sharpness of the categorization functions of the synthesized speech and nonspeech continua. Table I shows the structure of the five experimental sessions. Different sets of tests were administered each day in order to address three research questions.
Our primary question was whether variability enhances formation of abstract categorical representations of geminates. If so, participants who are trained using high-variability geminates should show better identification accuracy than participants trained with low variability. If high-variability participants do not also show better geminate discrimination accuracy, as measured by means of a discrimination task which focuses on pre-categorical processing (4I2AFC; Gerrits and Schouten, 2004; Sjerps et al., 2013) , then the high-variability enhancement is not likely to be due to changes in perceptual sensitivity. In contrast, if high-variability participants were to show better identification and discrimination accuracy, then this would indicate that the benefit of high variability is due, at least in part, to enhanced pre-categorical sensitivity.
Furthermore, if high-variability participants have formed an abstract geminate category they should be able to transfer what they have learned about fricative durations to other stimuli. Testing identification accuracy on new materials indicates how general the learning effect is (e.g., Bradlow and Pisoni, 1999; Tajima et al., 2010) . If the participants in the high-variability group have more successfully abstracted knowledge about geminates, as opposed to having learned specific fricative timing information more successfully, they should perform better than the low-variability group on untrained materials. We therefore tested for transfer of learning to new consonants, new vowels, a new speaker, and a new context.
The second question examined individual differences. Does a participant who shows superior performance in discrimination show better improvement in identification? This question was examined by asking whether pre-test discrimination accuracy results predicted the amount of improvement (identification accuracy over the course of the 5 days of training).
The third research question concerned whether perceptual learning of speech material generalizes to nonspeech materials. To answer this question, results for speech and nonspeech materials were compared in the discrimination and categorization tasks.
II. METHOD

A. Participants
Thirty native speakers of Dutch recruited from the participant pool of the Max Planck Institute for Psycholinguistics took part (18 females and 12 males, average age of 21.3 yr old). They were randomly assigned to two groups: low-variability and high-variability. Although the majority of the participants spoke multiple languages at different fluency levels, none of them had had any substantial exposure to Japanese. All participants indicated their self-evaluated fluency level on a scale from 1 (not fluent at all) to 5 (very fluent) with regard to each of their L2s. The reported L2s included English (N ¼ 30, fluency level 3.5 -5), German (N ¼ 23, fluency level 1 -3), French (N ¼ 22, fluency level 1 -3), Spanish (N ¼ 5, fluency level 1 -4) and Hungarian (N ¼ 1, fluency level 1). Participants received 60 euros after taking part in five training sessions. There was no dropout.
B. Stimuli
Natural speech
The identification test, the training procedure and the transfer test (see Table I ) used naturally spoken materials. Table II provides a list of the words used in all three of these tests. The pre-and post-training identification test and the transfer identification test used minimal trios contrasting the Japanese singleton (CVCV), geminate (CVCCV), and singleton with preceding long vowel (CV:CV), while the training used minimal pairs contrasting the Japanese singleton (CVCV) and geminate (CVCCV). The preceding long vowel condition, which was used in previous studies (e.g., Hardison et al., 2010) , was included in order to make the task more challenging. The pitch-accent relationship between the first and the second CV was fixed to high-low. These materials were spoken by six native speakers of Japanese (3 females and 3 males). All recordings were first low-pass filtered at 5000 Hz and average sound levels were normalized to 70 dB using Praat (Boersma and Weenink, 2008) .
The stimuli used for the pre-and post-training identification tests consisted of 11 minimal trios, which contrasted three word types (singleton, geminate, long vowel) with the fricative /s/. One trio did not include an initial C (i.e., VCV, VCCV, V:CV) and served as example categories during the learning task. Altering the first C created the other 10 trios (CVCV-CVCCV-CV:CV). One of the female speakers (F1) recorded these materials.
The set of stimuli used for the low-variability training condition were identical to that used for the identification test but without the long vowel condition. The pair without the first C spoken by speaker F1 was used as example categories during the learning task for this condition. The following training task used two minimal pairs with a CVCV structure per day, which summed to 10 minimal pairs after five training sessions. We refer to this set as LF1 (low-variability, speaker F1). For the high-variability training condition, the pairs without the first C (/asu/-/assu/) recorded by F1 and by four of the other speakers (2 females, 2 males) were presented as example categories during the learning task. For the training sessions, we created 40 word pairs with a CVCV structure by altering the first C and the last V. All five of these speakers recorded these pairs, which resulted in 200 pairs in total. We refer to these as HF1, HF2, HF3, HM1, HM2, respectively. Among them, 40 minimal pairs (8 training pairs recorded by different speakers per day) were used per participant. We used three orders to present speakers (HF1-HM1-HF2-HM2-HF3, HF2-HM1-HF3-HM2-HF1, HF3-HM2-HF1-HM1-HF2). Example presentation patterns are given in Table III . Average durations (ms) of each component used for the low-and high-variability training materials and for the transfer test materials are given in Table IV . The stimuli of the transfer test included five new types of minimal trios: (1) stop /k/ (/paku/-/pakku/-/pa:ku/), (2) affricate /ts/ (/patsu/-/pattsu/-/pa:tsu/), (3) vowel /e/ (/pase/-/ passe/-/pa:se/), and familiar trios either (4) embedded in a sentence (/kore ha pasu desu/ this is pasu) or (5) spoken by the third male speaker (M3).
Synthesized speech
Categorization and discrimination of synthesized continua of speech and nonspeech sounds were also tested (see Table I ). Table V summarizes the durations of the intervals in the synthesized stimuli.
Construction of synthesized stimuli was similar (but not identical) to that in Kingston et al., (2009) . For the speech materials, /asu/ -/assu/ continua were created by changing the duration of the preceding vowel /a/ (V 1 ), the critical consonant /s/ (C) and the final vowel /u/ (V 2 ). The original sounds of /a/, /s/ and /u/ were taken from the natural utterance of /asu/ spoken by F1 with durations of 63, 105, and 63 ms, respectively. The duration of /s/ was modulated from 60 to 150 ms in seven equal steps of 15 ms and V 1 duration was scaled to 43, 63, and 89 ms, by cutting out periods of voicing using Praat (Boersma and Weenink, 2008) . All combinations of C and V durations were created, which resulted in a set of 21 stimuli. Onsets and offsets of each element were ramped (5 ms) to ensure that they were zero crossings at the points of concatenation. The 21 stimuli were grouped into short-vowel, medium-vowel, and long-vowel continua.
The nonspeech continuum consisted of three elements that were analogs to the V1CV2 structure of the synthesized speech material. A filtered square wave was used for the consonant portion and an anharmonic complex of sine waves was used to represent the two vocalic portions. The F0 of the filtered square wave was 100 Hz and the first 50 odd harmonics were included with amplitudes of 1/harmonic number (i.e., 1/1, 1/3, 1/5, etc.). The anharmonic complex was made of 50 sine waves with frequencies ranging from 100 to 16 000 Hz. The frequencies were separated by equal natural log intervals (0.101503) and added with amplitude ratios of 1/(2*component number þ 1) (i.e., 1/3, 1/9, 1/19, etc.). The duration of each portion was manipulated in the same manner as in the speech materials. For more complete description of the stimuli, please refer to Kingston et al. (2009) .
The categorization and discrimination tests used two continua, one based on consonants and one on vowels, for both the speech and the nonspeech materials. The durations of the consonant continua (speech and nonspeech analog) were identical to the identification stimuli in Kingston et al. (2009) , with a range of 60-150 ms (step size ¼ 15 ms) and with fixed V duration of 70.5 ms. The vowel and vowel-analog continua included various V 1 durations with a range of 48-93 ms in 15 ms steps followed by a fixed C with a duration of 97.5 ms.
C. Procedure
Experiment sessions took place over 5 days with a maximum duration of 2 days between sessions. Total duration of the experiment ranged from 5 to 9 days. As shown in Each training session started with a label-learning task followed by an identification task. First, participants were presented with two example categories (/asu/-/assu/). The low-variability condition used the same example pair (spoken by F1) in all five training sessions while the high-variability condition used example pairs recorded by five different speakers (one speaker per session). The presentation of each example minimal pair was repeated six times with an ISI of 2000 ms. No response was required during the learning task. In the following identification task, one CVCV word was presented per trial and participants made categorical judgments. Feedback on the correctness of response was given as visual letters for 2000 ms after the response press. The ISI was set to 1500 ms. One training session consisted of 5 blocks of 32 trials, which took approximately 15 min in total.
Identification test/transfer test
The identification and transfer tests started with a brief category-label learning task followed by an identification task. During the labeling task, participants were presented with six repetitions of three example categories, e.g., /asu/-/ assu/-/a:su/. No explicit explanation of the difference among the three categories was provided. Each sound was presented along with visual number 1, 2 and 3, each associated with a labeled key on the keyboard, with an inter-stimulus interval (ISI) of 2000 ms. We presented visual numbers and sound categories in three combinations. The combination was kept constant for each participant across the three tests in the five experiment sessions. For example, some participants learned to associate category /asu/ with 1 while others learned to associate it with 2 or 3, etc. During the following identification task, one of the CVCV, CVCCV, and CV:CV words was presented per trial and participants pressed the key 1, 2, or 3 to indicate their categorical judgments. The ISI was set to 1500 ms after the response key-press. The whole test took approximately 8 min. The transfer test employed the same procedure and consisted of 450 trials (90 trials per five transfer conditions).
Categorization of synthesized stimuli
The speech and nonspeech categorization tests followed the same procedure. The experiment started with a learning task followed by three blocks of an identification task. During the learning task, participants were presented with examples of two categories (singleton and geminate, or nonspeech analogs). The synthesized stimuli with the shortest (analog) C duration (60 ms) and the longest C duration (150 ms) combined with three vowel durations (43, 68, and 89 ms) were used as examples. These three minimal pairs were presented twice, which resulted in six presentations in total. Each category was presented along with its corresponding visual number with an ISI of 2000 ms.
During the categorization task, an auditory stimulus was presented and participants indicated their identification judgments. Presentation of the three continua (i.e., the short-, medium-, and long-vowel conditions, or their nonspeech analogs) was randomized in a single block. Each test included three blocks that each consisted from 42 trials, and lasted approximately 7 min.
Discrimination
The speech and nonspeech discrimination tests followed the same procedure. They employed a speeded 4I2AFC task. Each trial consisted of presentation of four stimuli. Either the second or the third stimulus of the four was a deviant. Participants were asked to indicate the position of that deviant by pressing the button "2" or "3." The probability of the deviant appearing in each position was set to 0.5. The test examined sensitivity to V 1 duration as well as C duration (or durations of the nonspeech analogs). The longest V 1 and C served as standard stimuli (V ¼ 93 ms, C ¼ 150 ms) and shorter durations served as deviants (see Table V for details). The ISI was set to 500 ms. The nine contrasts were randomly presented in a single block in order to keep the task challenging and to avoid boredom. There were five blocks, each consisting of 18 trials. Each test lasted approximately 9 min. Participants completed at least one practice session of six trials using a dummy word pair (/put/-/pet/; or a nonspeech analog) before the main session. No feedback was provided on task performance.
D. Apparatus
All sounds were recorded using a linear PCM recorder (Sony PCM-D1) with a sampling rate of 96 kHz in a sound attenuated booth. A DELL notebook computer with an IntellCoreDuo processer (4 GB RAM) was used to perform all experiments. Sony MDR-7506 headphones and a 15.4-in. TFT screen were used to present auditory stimuli and visual instructions, respectively. Average sound pressure level (SPL) of the headphones was adjusted to around 69 dB. The application presentation (version 14.3, Neurobehavioral Systems) was used for presenting instructions and stimuli as well as for collecting responses. The participants responded on the keyboard of the computer.
III. RESULTS
A. Training
Responses with a reaction time longer than three standard deviations from the grand mean (cutoff 2916.6 ms) were identified as outliers and excluded from the analysis (1.9% of all responses). Figure 1(a) shows the correct response rate in the first training session for the four types of training materials. A two-way analysis of variance (ANOVA) with block (continuous variable) and training material (LF1:low-variability female voice 1, HF1:high-variability female voice 1, HF2:high-variability female voice 2, HF3:high-variability female voice 3) as independent variables and participants as random variable revealed a significant effect of training material [F(3,26) ¼ 9.0, p < 0.001] with no significant effect of block [F(1,116) < 1, n.s.] and no interaction [F(3,26) ¼ 1.3, n.s.]. Multiple comparisons confirmed that the correct response rate of LF1 was significantly lower than that of HF2 and HF3 (p < 0.05, all multiple comparisons are Bonferroni corrected). The correct response rate of HF1 did not significantly differ from any of the other three conditions. Speaker F1, who was used for both testing and training, appeared to be the most difficult among the female speakers. Figure 1(a) indicates that participants had experienced difficulty performing the identification task in the first training session even with feedback. A control study, however, confirmed that native speakers of Japanese identified the geminate-singleton-long vowel contrast spoken by F1 fairly well without any training (N ¼ 10, 91%), confirming the validity of this material. This control study tested only identification of the F1 materials. Figure 1(b) shows the correct response rate for the five training sessions for the two groups. A two-way ANOVA with group (high/low-variability) and training session (a continuous variable) as independent variables and participants as random variable indicated effects of group [F(1,28) ¼ 24.3, p < 0.001] and training session [F(1,118) ¼ 14.5, p < 0.001] without a significant interaction [F(1,118) ¼ 2.6, n.s.]. The effect of training session indicates that both groups improved their learning over the course of five training sessions. More importantly, the main effect of group indicates that the highvariability group had a higher correct response rate.
B. Identification test
Responses with a reaction time longer than 3 standard deviations from the mean (cutoff 3646.2 ms) were identified as outliers and excluded (2.1% of responses). Figure 2(a) shows the identification accuracy in the pre-test (before the first training session) as well as in the five post-tests for the high-and low-variability groups. A t-test confirmed no significant difference between the groups' correct response rates in the pre-test [t(28) ¼ À1.59, n.s.], indicating that performance of the two groups was equivalent before training. On the x axis of (a), "Pre" stands for the first pretest; on the x axis of both panels, numbers stand for day of post-test. accuracy over the course of the five training sessions and that the participants in the high-variability condition had higher identification accuracy in all post-tests.
C. Transfer test
Due to a technical error, the transfer-test data of one participant in the high-variability group was lost; this participant was excluded from these analyses. A repeated measure ANOVA with group (high-/low-variability) as betweensubject independent variable and condition (5 conditions) as within-subject independent variable indicated significant effects of group [F(1,27) ¼ 5.3, p < 0.05] and condition [F(4,24) ¼ 18.5, p < 0.001] without a significant interaction. As can be seen in Fig. 3 , the high-variability group responded more accurately in all transfer conditions. Post hoc comparisons across the five conditions revealed in addition that response accuracy to the sentence and new speaker conditions was significantly higher than in the other three conditions (p < 0.05). Figure 4 compares response accuracy in the discrimination tests on days 1, 3, and 5 for the two groups as a function of the durational differences between the standard and deviant materials (durational differences for consonants or their nonspeech analogs: 15, 30, 45, 60, 75, and 90 ms; durational differences for vowels or their analogs: 15, 30, and 45 ms). The four plots show discrimination accuracy for speech and nonspeech stimuli for each group. Four mixed-model ANOVAs were performed with group (low-/high-variability) as between-subject factor and durational difference (six levels for consonant and three levels for vowel) and day (day 1/ 3/5) as within-subject factors. For all comparisons, no effect of group was observed (speech: consonant F(1,28) < 1, n.s., vowel F(1,28) < 1, n.s., nonspeech: consonant F(1,28) < 1, n.s., vowel F(1,28) < 1, n.s.). Type of training therefore did not significantly influence discrimination accuracy. The results for the speech stimuli indicated strong main effects of day for both consonant and vowel durations [consonant F(2,56) ¼ 9.85, p < 0.0001; vowel F(2,56) ¼ 21.46, p < 0.0001)]. Further analyses indicated that the correct response rates on days 3 and 5 were significantly higher than on day 1 (p < 0.05), for consonants and vowels. There were also effects of durational difference [speech: consonant F(5,140) ¼ 183.39, p < 0.0001, vowel F(2,56) ¼ 240.14, p < 0.0001; nonspeech: consonant F(5,140) ¼ 104.81, p <0.0001, vowel F(2,56) ¼ 47.63, p < 0.0001]. For the speech-consonant condition, larger improvements were observed for 45, 60, and 75 ms conditions, while larger improvements were observed at all levels of the speechvowel condition. For the nonspeech stimuli, larger durational differences again resulted in higher discrimination accuracy. There was a significant interaction between duration difference and day for the nonspeech vowel condition. Further simple effect analyses revealed that the correct response rates of detecting differences of 150 and 300 ms were not significantly different on day 1, but became significantly different on days 3 and 5 (p < 0.05).
D. Discrimination test
Before any training, individuals who showed higher accuracy in discriminating speech materials also showed higher accuracy when discriminating nonspeech materials (r ¼ 0.56, p < 0.01). However, this correlation became weaker on day 3 (r ¼ 0.48, p < 0.01) and nonsignificant on day 5 (r ¼ 0.21, n.s.). This is because the training improved discrimination of the speech stimuli more than discrimination of the nonspeech stimuli. Figure 5 shows percentage of "long" responses as a function of consonant duration in the three preceding vowelduration conditions: short (48 ms), medium (63 ms), and long (93 ms), for days 1 and 5 and speech/nonspeech materials, collapsing over group (high-/low-variability). The slope of each participant's categorization function was estimated using logistic curve functions in PASW statistics (ver. 18). Larger coefficients reflect shallower slopes. Slope coefficients larger than 1.2 were treated as outliers because of expected poor estimation of nonlogistic data (Joanisse et al., 2000) . Table VI summarizes the mean slope coefficients and standard deviations for the speech and nonspeech materials in the three vowel conditions and the two sessions. These coefficients of speech and nonspeech materials were separately submitted to three-way mixed-model ANOVAs with group (high-/low-variability) as between-subject factor and vowel (duration of 48, 63, and 93 ms) and day (day 1/day 5) as within subject factors. The analysis of the speech data did Figure 6 presents the improvement of identification accuracy (final post-test minus pre-test) as a function of first day overall discrimination accuracy on the speech materials.
E. Categorization of synthesized continua
A simple linear regression analysis tested whether first-day discrimination accuracy (averaged over consonants/vowel) predicted relative improvement of identification accuracy (day 5 post-day 1 pre). There was a weak trend: [t(28) ¼ 2.59, b ¼ 0.614, p ¼ 0.06]. Thus, individuals who showed higher discrimination accuracy (i.e., higher perceptual sensitivity) prior to training tended to improve more, but the effect was not significant.
IV. DISCUSSION
This study investigated the role of variability in perceptual learning of the Japanese geminate-singleton fricative consonant contrast by native listeners of Dutch. The highvariability training method, once again, was more effective for learning than the low-variability training method (replicating e.g., Logan et al., 1991; Wang et al., 1999; Hirata et al., 2007; Tajima et al., 2010) . The benefit of the highvariability training method was already observable in the first post-test results (see Fig. 2 ), indicating that the bulk of this effect took place during the first training session. The benefit of high variability training was then stable over the remaining training sessions.
The high-variability group also performed fairly well in all conditions of the transfer test. It is perhaps not so surprising that the high-variability group generalized their training to a new vowel (/e/) and to a new speaker (M3) because these factors were varied in the high-variability materials. More strikingly, however, generalization was also demonstrated in enhanced performance accuracy of the high-variability group on the two new consonants (/k/, /ts/). Because the critical consonant /s/ was kept constant during the training, being able to perform the task well on these new consonant conditions requires generalization of learned phonological knowledge, that is, abstract knowledge that a consonantal distinction can be based on durational cues.
Further evidence that the high-variability participants had formed an abstract geminate / singleton contrast comes from the comparison of the discrimination and identification data. Accuracy in discriminating specific timing features in the speech materials increased as a result of training. Identification training thus enhances discrimination skills for relevant perceptual features. Importantly, however, lowvariability training enhanced discrimination sensitivity just as much as high-variability training. This dissociation between tasks (a group difference for identification but not discrimination) is consistent with the view that, while the identification task taps into categorical representations, the 4I2AFC discrimination task taps into pre-categorical processing (Gerrits and Schouten, 2004; Sjerps et al., 2013) . This dissociation indicates that the high-variability group's superior accuracy in identifying natural speech materials was not because of their enhanced discrimination sensitivity to timing features, but rather because of their enhanced categorical representations. Variability in training materials thus helps nonnative listeners establish more robust abstract sound categories.
We varied the number of voices and word example pairs at the same time in order to maximally contrast the variability in the two sets of training materials. This makes it impossible to say which type of variability contributed more to the enhancement of learning. If speech rate counts more for learning Japanese geminates (Tajima et al., 2010) , then speaker variability rather than lexical variability is likely to have been more helpful over the entire experiment, because timing variation was larger among than within speakers.
Note that there was a delay in when learning started to have an effect in both variability groups. Even with feedback, virtually no learning occurred during the course of the first training session [see Fig. 1(a) ]. Nevertheless, the highvariability group already started to show improvement at the post-test on day 1, while the low-variability group did not (see Fig. 2 ). Learning a less extreme durational difference (in the low-variability materials) seemed to require a longer period of time than learning a more variable and contrastive durational difference (in the high-variability materials). Intriguingly, both groups enjoyed large overnight improvements from day 1 to day 2 (see Fig. 2 ). This effect may be related to consolidation of perceptual learning during sleep (Fenn et al., 2003) . This awaits further study. The literature has repeatedly shown differences among individuals in their ability to learn to perceive L2 categories (e.g., Bradlow et al., 1997; Hanulikova et al., 2012; Strange and Dittmann, 1984) . Our first research question, the role of variability, concerned a general environmental factor that may contribute to such differences. Other recent studies have looked into individual-specific factors that may also contribute to differences in perceptual learning (Hanulikova et al., 2012; Perrachione et al., 2011) . Our second question related to one such individual-specific factor: Does an individual's discrimination accuracy prior to training predict improvements in identification accuracy? There was a trend suggesting that participants who showed higher discrimination sensitivity prior to training tended to improve more during the five sessions. Although the effect did not reach significance, it is reasonable to assume that higher sensitivity for relevant acoustic features (timing in this case) is useful when learning to identify categories. It would be interesting to investigate further whether there is an interaction between the listener's sensitivity and variability in timing-based category distinctions. Someone with higher sensitivity to durational information may benefit from variability but someone with lower sensitivity may suffer from variability when learning new sounds.
Our third research question concerned whether learning about geminates extends to nonspeech stimuli with similar durational properties. That is, is geminate training speech specific? There is much debate on possible associations between the mechanisms underlying the processing of linguistic and nonlinguistic information. Transfer of learning has indicated associations between acoustic information processing across domains. For example, musicians, who are extensively trained to deal with nonspeech sounds, often outperform nonmusicians when perceiving speech materials (Besson et al., 2007; Sadakata and Sekiyama, 2011 ). An example of transfer in the reverse direction (speech to music) is a study showing that native tone-language speakers have more sensitivity than nontone-language speakers when perceiving pitch pattern information in nonspeech sounds (Pfordresher and Brown, 2009) . Other studies, however, have found evidence that some aspects of perceptual learning are domain specific (Peretz and Coltheart, 2003; Peretz, 2009) . For example, tone-language speakers show enhanced brainstem encoding of the pitch patterns of nonspeech materials (like musicians do), as compared to nontone-language speakers, but this enhanced response does not necessarily predict more accurate perceptual task performance (Bidelman et al., 2011) . Furthermore, Kingston et al. (2009) demonstrated that listeners use different strategies to analyze timing information in speech and nonspeech materials. In our study, the effect of perceptual learning was limited to speech materials: the training did not influence perception of nonspeech timing changes. This suggests that participants learned domain-specific rather than domain-general timing information. These results also indicate that the improvements observed for the speech discrimination tests are likely to reflect the specific enhancement of discrimination sensitivity of speech materials and are not an artifact caused by task familiarity.
Timing information is one of the most important acoustic cues for the Japanese geminate-singleton consonant contrast: differences are found for example in the length of the preceding vowel and the critical consonant (Kingston et al., 2009) and in the ratio of closure to word duration (Hirata and Whiton, 2005; Amano and Hirata, 2010) . Although previous studies have shown that learning to perceive this type of contrast is difficult for native speakers of English and German (Menning et al., 2002; Motohashi-Saigo and Hardison, 2009; Hardison and Saigo, 2010; Tajima et al., 2010) , it was unknown whether this would also hold for native speakers of Dutch. Native listeners of Dutch make use of durational information in vowel identification (Smits et al., 2003) , in particular for the /a-a:/ contrast (Jongman et al., 1992) , although duration is not the only cue to this distinction (Booij, 1995) . Dutch listeners may therefore be relatively good at dealing with timing-based cues in speech signals. Research involving other languages has indeed shown that sensitivity to temporal structure carries over from one's L1 to one's L2 in both production and perception (Bent et al., 2008; Engstrand and Krull, 1994; Flege, 1993; Strange et al., 1998) . The pre-test in the present study indicated that the identification accuracy of the Dutch participants was not at ceiling, but this remained the case even after 5 days of training. Thus, the perceptual skills that native speakers of Dutch apply when perceiving vowel timing information apparently cannot be (easily or fully) generalized to consonants. This is in line with a previous finding of limited generalization of durational contrasts by nonnative speakers of Japanese: native speakers of English who were trained to perceive a Japanese vowel durational contrast did not significantly improve their perception of other Japanese durational contrasts, such as the geminate-singleton contrast (Tajima et al., 2010) .
V. CONCLUSION
The current study demonstrated that stimulus variability in training helps native speakers of Dutch to learn the Japanese geminate-singleton contrast. Variability in training improved identification but did not enhance discrimination sensitivity, and this benefit held only for speech materials. Furthermore, variability in training led to better transfer of learning. Thus, while pre-categorical sensitivity to auditory signals is certainly involved in the process of identifying geminates and singletons, the benefit for nonnative listeners arising from high-variability training appears to arise at a domain-specific and categorical level of processing. Specifically, we suggest that this enhancement is because variability helps in the formation of an abstract geminatesingleton category contrast.
